This research was carried out in the Porce river basin, Antioquia (Colombia) with nine coffee growing families in charge of conventional systems and in transition to the organic production of coffee. The farms were characterized from an agroecological perspective, while evaluating the social, economic and technical-productive dimensions. It was detected that the two main threats faced by small farmers in this area are climatic variability and fluctuations in coffee prices. Using the RIH Risk Index methodology, a set of indicators was proposed to reflect the vulnerability and the response capacity of these families.
Introducción
In Colombia, coffee farming is still a smallholder production system. The characteristics of this type of system, together with the low educational level of coffee growers and their limited food and financial security, contribute to the vulnerability of coffee farming to highly volatile market conditions and the influence of external events such as droughts, frosts, special policies in some countries, among others (Abaunza et al. 2013) . Hence the need to study and understand the social-ecological problems of this type of agroecosystems from an agroecological perspective with a new systemic approach.
The holistic approach that leads to the understanding of agricultural problems in systemic terms is called agroecology and it studies the socialecological relations within agroecosystems as complex adaptive systems. Therefore, a recent concern of agroecology is understanding the social-ecological resilience of agroecosystems. Social-ecological resilience, from the perspective of adaptive change, is defined as the capacity of a social-ecological system to overcome disturbances by finding diverse balance points and to maintain its essential functions and characteristics by self-regulating through adaptive processes. (Holling 2001) . Although agroecology focuses on the design of agroecosystems with high resilience to climatic variability, the concept of adaptive capacity may also include the social and economic dimensions of social-ecological resilience (Speelman et al., 2014) .
As to agroecosystems, knowing their levels of social-ecological resilience provides insight into their dynamics and enables the design of strategies to face current and probable future scenarios. The improvement of the social-ecological resilience of a system and the reduction of its vulnerability allows it to change from an undesirable state to a desirable one, and in some cases, can lead to transformability, understood as the capacity of communities to create new social-ecological systems when environmental, social-economic or political conditions have been the cause of transformation of the essential attribute of the agroecosystem (Altieri 2013) .
Therefore, one of the challenges faced by researchers is the development of a conceptual and methodological framework to explain the key principles and mechanisms of the social-ecological resilience of agroecosystems, as well as the methodologies to assess and determine their resilience levels. The essential attribute, namely "the adaptive capacity or the response capacity of social-ecological systems", makes part of one of the proposals to assess socialecological resilience levels. It is mentioned in works by Henao (2013) , Montalba et al. (2013) , Altieri (2013) and Gazzano (2015) allowing the construction of a reference framework. However, this approach is rather based on ecological concepts and focuses on climatic variability, and therefore, the need to measure social dimensions is highlighted. The methodologies necessary to analyze and measure the levels of social-ecological resilience are thus being developed.
This research is aimed at assessing the level of social-ecological resilience of nine coffee agroecosystems managed by small producers in the Porce river basin in Antioquia (Colombia) to know the risk that coffee growers are facing, determine their vulnerability and response capacity levels, and propose strategies for agroecological management to increase the sustainability of vulnerable farmers.
Materials and methods

Description of the study area
This study took place in the northeast of the department of Antioquia (Colombia) in the Porce river basin, which comprises the municipalities of Gómez Plata, Amalfi, Santa Rosa, Santo Domingo and Yolombó. This basin extends over 5920 km 2 , at elevations between 3600 masl and 67m masl (USGS, 2012) and with an annual rainfall between 2000 and 3500 mm. Nine coffee growers were selected in the area, all located within the 1000 and 1800 masl and at an average temperature between the 18°C and 25°C, in a premontane wet forest life zone (bmh-PM) in transition to tropical moist, in accordance with Holdridge's ecological classification. The soil in this area was classified as ustoxic dystropept with low natural fertility, good drainage, and acids (Jaramillo 1989) .
Selection of production systems
Out of forty-eight coffee farmers located in the five municipalities recommended by the UMATAS (Municipality Units of Technical Agricultural Assistance), nine small coffee production systems were selected for this study, in response to their high scores on the assessment of the following inclusion systems: household composition, implementation of good agricultural practices, time allocated to farm labor, diverse income-generating activities, farm location, community participation, productive experience, water availability, loans, use of agrochemicals, suitable technologies, articulation, commercial production and conflict resolution.
Assessment of risk/social-ecological resilience
The assessment of the risk/social-ecological resilience levels of nine agroecosystems managed by small coffee growers had various stages of development. First, the agroecosystems were characterized by applying mixed methods in case studies and using social, economic and technical-productive indicators, taking an agroecological approach that allowed the identification of the critical areas of these agroecosystems (Machado-Vargas et al., 2015) .
The indicators to define the social-ecological resilience of small coffee growers were established through a systematic review (Machado-Vargas and Ríos-Osorio 2016). All things considered, the social, economic and environmental indicators selected gave an account of the vulnerability and response capacity of the phenomena studied. These indicators were employed to determine the risk/social-ecological resilience levels of small coffee growers. The basis was The Holistic Risk Index (HRI) proposed by Barrera et al., (2007) . This methodology allows an approach in order to measure resilience levels, given that it establishes the vulnerability of a particular system and its response capacity, which is a characteristic of resilience. This methodology contained three main elements to establish risk: threat, vulnerability and response capacity (or adaptive capacity), represented in the equation below:
Weighting of selected indicators
The indicators were selected according to systematic review (Machado-Vargas and Ríos-Osorio 2016). The measurements were taken between 2013 and 2015, by means of interviews to coffee growers. The scale implemented to assess each indicator ranged from 1 to 4, 4 being the highest, and 1 the lowest. The process of weighting involves taking into account the weight or relevance given to certain indicator, variable or sub indicator, in the seek for its differential assessment, and it is defined in response to the impact of the indicator on a process or phenomenon. In this research, the weighting was the coefficient by which the indicator value was to be multiplied. The most relevant indicators to analyze coffee agroecosystems found in the literature were given twice the weight (2) in this study.
Two indicators were proposed for threat:
• Water availability by rainfall: Annual rainfall in the region (Porce river basin) necessary to coffee growth, measured in millimeters.
• Fluctuations in domestic producer prices per load of coffee parchment: Domestic price issued by the FNC (National Federation of Coffee Growers of Colombia) and which is paid to the producer per each load of parchment coffee.
For the weighting, the indicator of fluctuations in domestic producer prices per load of coffee parchment had twice the weight since variability and coffee price fluctuations cause uncertainty among coffee growers about future incomes and difficulty when deciding the strategy to be followed to increase crop profitability, according to Abaunza et al. (2013) . On the other hand, in Colombia, the costs of fertilizers have gone up from 10% to 20% in the last years, which has influenced the production costs of the coffee load (Abaunza et al., 2013) . In general, when prices decrease and production costs increase, the capital of coffee growing families and their consumption capacity may diminish and lead to deterioration of their livelihood. The weighting for threat indicators and its assessment were carried out using this equation:
Where: A1: water availability by rainfall A2: fluctuations in domestic producer prices per load of coffee parchment 2: twice the weight 3: sum of weighting factors Regarding vulnerability three indicators were selected:
• Coffee productivity: kg/ha/year of dry parchment coffee, taking the performance of the Castillo variety as referent, according to the FNC.
• Food self-sufficiency in the household: food produced in the family agricultural unit to supply dietary needs of the group.
• Level of internal inputs use: low input technologies and efficient use of resources (nutrient recycling and use of sub products inside the farm).
The equation to assess the vulnerability of coffee growers in the study is:
Where: V1: coffee productivity V2: Level of food self-sufficiency V3: Level of internal inputs use (Dependence on external inputs) 2: twice the weight 5: sum of weighting factors
The most relevant indicators -levels of food selfsufficiency and internal input use-were given twice the weight since recent studies in Central America (Katlyn et al. 2013; Bacon et al. 2014) found that food self-sufficiency is a factor of vulnerability for small coffee growers and showed the difficulties that farmers face during certain seasons. Regarding the dependence on external inputs, some studies have compared conventional coffee systems with organic or agroecological ones in Costa Rica and Brazil, proving that crops where organic fertilizers were employed and which were subject to agroecological practices had higher quality soils, gave better yields, depended less on external input and could also reduce production costs, leading to improved living conditions among the growers (Souza et al., 2012) . Eight indicators were chosen for response capacity. The following equation displays how the response capacity and its indicators were assessed and weighted.
Where: C1: % of shade trees for coffee plantations C2: Soil cover C3: Surrounding landscape diversity C4: Productive diversity of production systems (coffee and others) C5: Autonomy from markets. C6: Level of training on agroecological knowledge C7: Level of productive organization for commercialization C8: Level of organization aimed at rural community development 2: twice the weight 12: sum of the weighting factors For the weighting, the indicators given the highest values were C1, C4, C6, and C8. Regarding C1 -the percentage of shade trees for coffee plantationsrecent studies by Cerdán et al. (2012) and Souza et al. (2012) have proven that the agroforestry systems of coffee provide ecosystem services, such as biodiversity preservation, erosion control, increased soil quality, carbon sequestration, moderation of temperature extremes, lower evapotranspiration and higher preservation of soil moisture, just as timber trees may represent another source of income and fruit trees may contribute to food security (Cerdán et al. 2012) . About C4 -Productive diversity of production systems (coffee and others) -some studies (Hauserman 2014) have revealed that low coffee prices worldwide and high production costs have caused coffee growers to appeal to other income activities that entail the diversification of their production systems and include the sale of other products (vegetables, fruits, milk, etc.) as strategies to face vulnerability (Speelman et al. 2014) .
When it comes to C6 -level of training on agroecological knowledge -coffee growers that know about agroecology and carry out the relevant practices in their lands are able to obtain higher yields from their systems, greater environmental benefit and human health (Bacon et al. 2014) . Besides decreased production costs, which generate less dependence on external inputs, agroecology offers advantages to the families related to the relative autonomy from input markets -when local resources are employed instead of purchased inputs -, from food markets -greater provision through diverse markets and products for self-sustenance -and from local or organic markets. (Nicholls et al. 2016) . Finally, for C8 -level of organization aimed at rural community development -the coffee growers that make part of organizations -fair market and certification -and of social networks have the possibility to become less vulnerable, improve their food intake habits and living conditions, as well as face crises collectively (Bacon et al. 2014) .
Results and discussion
Description of the study population
The characteristics of the nine agroecosystems selected are described in Table 1 . The main crops in these production systems are coffee grown without shade and under partial shade. These systems commercialize coffee with the FNC and include secondary crops and some minor species, as well as other food security and economic alternatives.
Risk index
The results of the threat, vulnerability, and response capacity indexes are shown in Figures 1, 2 and 3. For better understanding, the vulnerability index is represented as low or high, since the corresponding indicators were scored with 1 when very low and 4 when high. In the result of the equation of threat, vulnerability and response capacity, the standard established was 1, where values >1 represented more vulnerability and higher risk, causing socialecological resilience to decrease. Values near zero represented a lower risk and hence, increased socialecological resilience (Henao 2013) .
For this assessment, it was determined that all threats are the same for all coffee growers, therefore, it was considered a constant variable equal to 1. The average rainfall in the Porce river basin in 2013 came from six meteorological stations (information supplied by EEPP of Medellin). The lowest rainfall levels were observed in January, June, July, and December. It is worth highlighting that the El Niño phenomenon that hit the region in 2012 lasted until January- February 2013 (IDEAM 2012 . Although 2013 was a normal year according to the IDEAM, the average rainfall in the Andean region decreased in a 75% throughout June and July (IDEAM 2013) . The average rainfall in the basin during 2013 was 202mm, far below the average for coffee farming (1200-1800 mm) (García et al. 2015) . The sampling, which was carried out during June and July 2013, shows it to be below the optimal level for coffee farming since these were the months that saw the lowest rainfall in the region. Besides, the Porce region is characterized by high evapotranspiration and solar radiation, which together with an average temperature between 16 °C and 24 °C that reaches a maximum of 30 °C, contributes to high vulnerability for the coffee production in the region.
Regarding the indicator fluctuations in domestic and external producer prices per load of coffee parchment for coffee growers, the results showed that in 2013 the prices had a major drop at the end of the year (Figure 1) . Likewise, the earnings decreased dramatically, which means that the profit for coffee growers was then far below the balance point -COP $500000 -translating into loss for coffee families. By June, the profit per load was COP $ 79888 and it kept dropping until early 2014. This happens when the external price of coffee decreases and the coffee growers cannot afford internal inputs (fertilizers and pesticides). Earlier in 2014, the drop in prices caused a national strike and demonstrations carried out by coffee growers, who demanded a government subsidy by coffee load sold which allowed to cover the difference between the grain production price in the market and the actual costs of production (Pérez et al. 2016) . 
Vulnerability index
Considering the vulnerability index, the agroecosystems A1, A3, and A7 were the most vulnerable (Figure 2 ). These production systems had low scores on the level of the indicator of food self-sufficiency and level of internal inputs use. Coffee growers do not supply their own food and the agricultural inputs employed in their farms come from external sources since they do not make use of the crop residues nor the domestic waste to make their own inputs. Likewise, they do not carry out recycling practices within the farm, which could lead them to a decreased coffee production and to become more vulnerable to production costs. Studies in Central America have proven that the main vulnerability factors of small coffee growers are food insecurity (represented in a period of famine) and the dependence on external inputs (fertilizers and pesticides), together with longterm instability of the coffee harvest and price variations (Katlyn et al. 2013; Bacon et al. 2014) .
On the other hand, the agroecosystems A8, A5, and A6 displayed low vulnerability. These productive systems had high and low scores at the level of food self-sufficiency given the internal production of their own food supply. Despite having been "trained" on agroecological concepts, some of the coffee growers do not implement agroecological practices such as green manures, compost preparation, and bio fertilizers, among others that would allow them to decrease the consumption of external inputs to a significant extent. Figure 3 shows the response capacity of the agroecosystems assessed, where the coffee without shade production systems exhibit the lower levels of response capacity (A3, A6, and A7), except for A4, which includes sugar cane crops and livestock activities besides coffee farming. In the same way, these agroecosystems had lower scores in the indicators of autonomy from markets, level of productive organization and level of territorial organization. On the other hand, the agroecosystems with a high response capacity were A5, A8, and A9. These showed higher levels of productive diversity given the secondary crops managed for sale together with coffee. The indicator autonomy from markets showed a medium level in the A9, since the coffee grower sells the product to the coffee growers committee, but sells his secondary crops directly to a store where he is a partner. The agroecological knowledge reached medium levels in the three systems and the level of production organization reached high in A5 and medium in A9. The agroecosystems with high vulnerability and low response capacity will have to face risk, while the vulnerable agroecosystems with high response capacity decrease risk, as this study and others, show (Henao 2013; Montalba et al. 2013) . 
Response capacity
Assessment of social-ecological resilience through the Risk Index (HRI)
The HRI values obtained in this study contribute to the construction of a model to establish levels of social-ecological resilience. In Table 2 can be observed that the risk level scale is based on Altieri (2013) , Henao (2013) , Montalba et al. (2013) and Gazzano et al. (2015) , but it has been modified according to the objectives of this research. (2013); Montalba et al., (2013) and Gazzano et al., (2015) , modified.
The IRH values and the social-ecological resilience levels corresponding to each agroecosystem show two agroecosystems with low resilience, other two with medium resilience, four with high resilience and one with a very high level. Altieri (2013) says that lower risk levels respond to high social-ecological resilience and higher risk levels to low social-ecological resilience (Table 3) .
The agroecosystems A3 and A7 showed low levels of social-ecological resilience since they proved to be highly vulnerable and to have low response capacity. The weaknesses of these agroecosystems are their low productive diversity and high dependence on external inputs, as well as the lack of both food self-sufficiency and autonomy from markets. Also, their exclusive dependence on the sale of coffee to the FNC makes them more vulnerable to the threat of the fluctuations in the international market prices. According to Rahn et al. (2013) , it is possible to mitigate and adapt to the effects of price variation by increasing productive diversity. Nicholls et al. (2016) say that the application of agroecological principles may help the systems to gain the three types of autonomies, namely, autonomy from the marketemployment of resources from the surroundings, instead of their purchase -, autonomy from the food markets -food self-sufficiency-and autonomy from international markets, together with the redirection of products to local or organic markets.
The production of coffee without shade and the low landscape diversity of the surroundings also make the systems more vulnerable to climatic variability, since it has been showed that the agroforestry systems of coffee and the forest parcels within the farms help to reduce CO 2 emissions, increase carbon sequestration and also protect them against heavy storms (Rahn et al. 2013) . Other studies have highlighted the synergy between mitigation and adaptation in agroforestry systems and forest parcels. Because of the reduced evapotranspiration observed in such systems, the organic matter in the soils favors water storage in drought times and at the same time, benefits the life conditions of coffee growers (Lin 2011) . Rainfall variation and the way it can affect coffee blooming and bean ripening cycles cause concern. The ensuing production outside the phenological times of coffee leads to additional efforts during harvest, higher production costs, and impacts on the economic viability of coffee cultivation (Rahn et al. 2013) . Hence, there is a need to redesign monoculture plantations of coffee without shade into agroforestry systems managed under agroecological principles.
In the agroecosystems A1 and A4, the level of social-ecological resilience was medium. However, their levels of vulnerability were high and their response capacity allowed them to face the low water availability during June and July with ground cover practices and productive diversity in their farms, however, it is worth mentioning that it is important to think about the improvement of the systems through redesign aimed at reducing vulnerability to future events.
The agroecosystems A2, A5, A6 and A9 showed high levels of social-ecological resilience, while A8 displayed a very high level. These agroecosystems showed low vulnerability and high response capacity. Their high and medium self-sufficiency, good soil cover, productive diversity -except for A6 -and level of productive organization was also noticeable.
The productive diversity of coffee agroecosystems has positively affected the coffee growing sector in Colombia, since the workforce coming from homes of small coffee growers is currently getting involved in activities other than coffee -with greater stability and higher remuneration -as it is the case of fruit and plantain trees, generating employment within the agricultural sector (CONPES 2013) . In turn, this is related to the fact that there has not been a generational replacement in the Colombian coffee growing sector (CONPES 2013) ; as this study shows, there is a process of "decreasing peasantry", or in other words, the youth do not bear any hope on the field and migrate to cities in the search of improving their economic conditions.
On the other hand, it is important to mention that the level of organization aimed at rural development, with institutions that support the construction of resilience from agro-ecological and social perspectives, is a low indicator for the nine coffee growers. Although there are non-governmental institutions in the region such as the ecological and cultural foundation Penca de Sabila and the Agroecological Association of Farmers of the Boquerón region, the coffee growers in this study do not interact with them. There is neither a consensus about how coffee systems should be transformed in the region, nor how agricultural policies should support or strengthen coffee growers. In fact, the presence and support of governmental institutions that contribute to systems becoming more diverse and resilient is pivotal for building social-ecological resilience. Some examples in Central America, Mexico and Brazil have evidenced the role of non-governmental institutions, with an agroecological approach, in the transformation of the livelihood of farmers, and even in sustainable (Altieri and Toledo 2011) . Likewise, it is worth noting that the indicator of agroecological knowledge reached a medium level in all agroecosystems, since all coffee growers have been trained on organic and agroecological agriculture by public institutions such as CORANTIOQUIA (Antioquia Regional Autonomous Corporation), however, as it can be observed in this study, it is not enough to have agroecological training if knowledge is not put into practice.
All coffee growers in this research are members of the FNC and have documents that identify them as such. The institution helps them to commercialize the coffee grain but it does not motivate them or train them to produce organic or special kinds of coffee, nor to build social-ecological resilience. Agroecological knowledge is important to strengthen coffee growers and other actors in the territory intellectually, helping to create empowerment and to solve concrete problems of the region (Nicholls et al. 2016) .
Even if some agroecosystems were found to be socio-ecologically resilient in this study, it is important to emphasize that the agroecological approach considers it possible to have access to crucial elements such as the resilience of an agroecosystem, food sovereignty, energy sovereignty -the right of the rural population to generate energy from sustainable sources-and technological sovereignty by optimizing all the processes and resources of the farm (Nicholls et al. 2016) .
A system is socio-ecologically resilient when it appeals to adaptive strategies that cause the vulnerability of the system against possible risks to decrease. Among the strategies that could be suggested in the case of coffee agroecosystems we can mention the diversification of production systems and surrounding landscape; the establishment of agroforestry systems; practices of resource optimization in the farm; agro-ecological practices; social organization; the establishment of social networks; and the promotion of autonomy from external markets and rural multi-functionality.
The results suggest that there are differences regarding vulnerability and risk, although not significant, between conventional systems and those in transition to organic production. This is coherent with other research works that suggest that agroecological systems are more resilient (Nicholls et al. 2016) , considering resilience as the central element of the sustainability of a productive system, which allows it to maintain and preserve its essential attributes over time, such as soil quality, productivity and improved livelihood of farmers, among others.
In the end, agroecology fundamentally fosters adaptive strategies to design more resilient systems, able to cope with the various hazards related to the production in the field such as new pests/diseases, extreme climatic events, fluctuations in the prices of products in national and international markets, and economic and social changes that small farmers have to face. In that sense, agroecology and its various proposals for the construction of social-ecological resilience stand as a strategy for building sustainable livelihoods in rural communities.
Conclusions
In this study, the results showed that less resilient coffee agroecosystems presented low production diversity, high dependence on external inputs, lack of food self-sufficiency and lack of autonomy with respect to markets. In contrast, agroecosystems with higher levels of resilience showed high and medium food self-sufficiency, productive diversity and good levels of productive organization. This confirms that the productive diversity and food self-sufficiency of coffee growers are adaptive strategies that serve the reduction of vulnerability to fluctuations in international coffee prices.
The low level of territorial organization in all agroecosystems obtained in this study proved that participation of farmers in institutions that promote autonomy, empowerment, and governance within the community is essential so that farmers can build socioecological resilience. Regarding the level of training in agroecological knowledge, this research shows that it is not enough to have training if farmers do not conceive the management of natural resources and sustainability as part of their daily life. Therefore, it is better to raise awareness and to qualify, especially through demonstration.
The main threat faced by small farmers is the fluctuation of producer prices, since these are related to high production costs, and thus to the profitability of the crop. This study found a high dependence of coffee growers on external inputs, which makes them more vulnerable to the aspects mentioned above.
It should be considered that the attributes of the indicators need to be weighted for a greater sensitivity of the level of risk/resilience. In that sense, the actors involved at a local level should be the ones to give weight to the attributes according to their reality and select the indicators in agreement with the communities involved. On the other hand, it is necessary to carry out more field studies that allow the further validation and precision of the measurement scale and instrument of social-ecological resilience, so that they can be employed in different agricultural systems.
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